In higher time-varying fading channels, the signal quality of orthogonal frequency division multiplexing (OFDM) technique would be degraded relatively due to the occurrence of inter-carrier interference (ICI). To solve this problem, this paper firstly proposes a new design of time domain training sequence (TS) in the estimation of channel impulse response (CIR) for the TS-OFDM signal which can reduce the leakage of power spectrum density (PSD) at the outside of OFDM allocated frequency bandwidth with keeping higher CIR estimation accuracy. Secondly, this paper proposes a time domain equalization (TDE) method which can achieve better bit error rate (BER) performance with keeping lower computation complexity even in higher time-varying fading channels. The salient feature of the proposed TDE method is to employ a partial differentiation for the time domain CIR matrix for solving the maximum likelihood (ML) equation in which the time domain CIR matrix becomes a symmetric banded matrix. From this feature, a low-complexity parallel block inverse matrix algorithm can be employed in the calculation of inverse matrix in keeping the same accuracy as that of the direct inverse matrix calculation. This paper presents various computer simulation results to demonstrate the effectiveness of the proposed TDE method for the TS-OFDM signal as compared with conventional frequency domain equalization (FDE) methods under higher mobile environments.
Introduction
Orthogonal frequency division multiplexing (OFDM) has been employed as an efficient transmission technique in various wireless communications systems which require the reliable high data rate communications in the frequency-selective multipath fading channels [1] . Up to today, OFDM has been adopted as the standard transmission technique in the digital audio broadcasting (DAB), digital video broadcasting (DVB), wireless local area network (WLAN), and the fourth-generation (4G) cellular systems [2] . The salient feature of OFDM technique is to employ the guard interval (GI) for avoiding the intersymbol interference (ISI) with keeping the orthogonality among OFDM subcarriers even in multipath fading channels. To realize the property of this function, the trains or vehicles. In higher time-varying fading channels, the orthogonality among OFDM subcarriers is no more satisfied which leads to the fatal degradation of bit error rate (BER) performance due to the occurrence of inevitable inter-carrier interference (ICI) caused by the higher Doppler frequency spread [6] .
To solve the above problem, many frequency domain equalization methods were proposed to mitigate the ICI in higher time-varying channels [7] [8] [9] [10] [11] [12] [13] [14] . These methods are designated as the frequency domain equalization (FDE) in which the equalization processing for the mitigation of ICI is conducted in the frequency domain. In [7, 8] , the ICI self-cancellation methods were proposed to mitigate ICI at the cost of degradation in the transmission data rate. In [9] , the FDE method with the minimum mean square error (MMSE-FDE) and successive interference cancellation (SIC) equalization methods were proposed for the CP-OFDM signal. These methods are required to employ the direct inverse matrix calculation for the channel frequency response (CFR) matrix in solving the simultaneous equations. However, the computation complexity for the inverse matrix calculation required at every symbol is relatively higher which leads to a serious problem in the implementation of practical receiver. To solve this problem, [10] proposed a low-complexity MMSE-FDE method for CP-OFDM signal with the parallel block inverse matrix algorithm in the calculation of inverse matrix [15] . In this method, the full elements of CFR matrix is approximated by a banded matrix so as to enable the employment of parallel block inverse matrix algorithm. However, the BER performance would be degraded in higher time-varying fading channels due to the approximation for the full elements of CFR matrix by the banded matrix. In [11] , the fast sub-optimal FAST-MMSE-FDE method was proposed for the ZP-OFDM signal under the assumption of perfect channel knowledge. Although this method can achieve lower complexity by assuming the linear changing of CIR within one OFDM symbol period, it has a difficulty to estimate the CFR matrix precisely by using the pilot subcarriers in the frequency domain because the received pilot subcarriers are also affected by the ICI in higher time-varying fading channels [12] .
To solve the above problem on the CFR estimation by using the pilot subcarriers for the CP-OFDM and ZP-OFDM signals in higher time-varying fading channels, a PN time domain sequence is employed as the TS in the estimation of CFR as well as the role of GI for the TS-OFDM signal [13] . In [13] , since an overlap and add frequency domain equalization (OLA-FDE) method is employed, the property of circular convolution is no more satisfied in higher time-varying fading channels which leads to the fatal degradation of BER performance. In [14] , the low-complexity OLA-MMSE-FDE and the FAST-MMSE-FDE methods were proposed for the TS-OFDM signal. These methods enable the considerable reduction of computation complexity by using the Maclaurin's expansion approximation technique in the calculation of inverse matrix under the assumption that the CIR is changing linearly within one symbol period. However, the approximation of linear changing of CIR is no more effective in higher time-varying fading channels which leads to the degradation of BER performance.
The employment of TS-OFDM signal with the time domain PN or Chu sequence can achieve higher CFR estimation accuracy than the CP-OFDM and ZP-OFDM signals of using the pilot subcarriers in higher time-varying fading channels. However, the employment of PN or Chu sequence as the TS would cause the undesirable leakage of power spectrum density (PSD) at the outside of the allocated OFDM frequency bandwidth. Because the occupied frequency bandwidth of TS signal would be much wider than the allocated OFDM frequency bandwidth when the TS signal is employed so as to keep the good property of autocorrelation for the PN or Chu sequences which leads to the serious adjacent channel interference problem to other systems [16] . Furthermore, when the same data pattern of PN or Chu sequence is added at every data symbol over one frame, higher power spurious components would occur at the outside of the allocated OFDM frequency bandwidth due to the repetition of same data pattern of TS signal in the time domain. The leakage of PSD at the outside of OFDM allocated bandwidth would cause the difficulty in the design of transmitter so as to meet the spectral mask requirement for the adjacent channel interference. From this fact, the leakage of PSD must be suppressed when using the TS-OFDM signal.
From the above backgrounds, this paper firstly proposes the channel estimation method by using a new design of TS signal. The feature of proposed channel estimation method are to employ a different data pattern of TS signal added to each data symbol over one frame and to employ the triangular window function for the TS signal as the waveform shaping both for reducing the leakage of PSD with keeping higher CIR estimation accuracy. Secondly, this paper proposes an equalization method of using the CIR matrix in the time domain instead of using the CFR matrix for the conventional FDE methods. Hereafter, the proposed method is designated as the time domain equalization (TDE) in which the equalization processing for the mitigation of ICI is conducted in the time domain. The feature of the proposed TDE method is to employ the partial differentiation for the time domain CIR matrix for solving the maximum likelihood (ML) equation in which the time domain CIR matrix becomes a symmetric banded matrix. This feature enables to employ the parallel block inverse matrix algorithm which can achieve the same BER performance with much lower computation complexity as compared with that of the direct inverse matrix calculation [15] . These are completely different features from the conventional FDE methods of which CFR matrix is the full elements of matrix. The proposed TDE method can also obtain the frequency diversity gain at the fading deep dips [17] which enables to achieve better BER performance than the conventional FDE methods of using the CFR matrix as referred above [7] [8] [9] [10] [11] [12] [13] [14] .
The remainder of this paper is organized as follows. Section 2 firstly proposes a new design of TS signal for the CIR estimation method and secondly proposes the TDE method with the parallel block inverse matrix algorithm for the TS-OFDM signal. Section 3 evaluates the overall computation complexity for the proposed TDE method as compared with the various conventional FDE methods. Section 4 presents various computer simulation results to verify the effectiveness of the proposed TDE method for the TS-OFDM signal as compared with various conventional FDE methods for both the CP-OFDM and TS-OFDM signals. Finally, Section 5 draws some conclusions.
Proposal of CIR estimation and time domain equalization methods
This section presents the system model for the proposed TDE method and proposes a new design of TS signal by using a time domain triangular window function for the TS-OFDM signal so as to reduce the leakage of PSD. This section also proposes the TDE method of using a low-complexity parallel block inverse matrix algorithm which can achieve better BER performance than the conventional FDE methods with keeping lower complexity even in higher time-varying fading channels. Figure 1 shows the structure of transceiver for the proposed TDE method for the TS-OFDM signal. At the transmitter, the input data information is modulated by the quadrature-phase shift keying (QPSK) or quadratureamplitude modulation (QAM) method in the frequency domain. The modulated signal X(m, k) at the kth subcarrier of the mth symbol is converted to the time domain signal by N-point inverse fast Fourier transform (IFFT) which can be given by
Proposed TS-OFDM system model
where x(m, n) is the transmitted time domain OFDM signal at the nth time sample of mth symbol. Figure 2a shows the frame format for the proposed TS-OFDM signal with the time domain triangular window function. In the proposed frame format, the time domains TS1 and TS2 with the length of S samples are inserted at the start of every data symbol in which the length of S should be taken longer than the number of delay paths (L) occurring in the multipath fading channels. The time domain TS would be used in the estimation of CIR at every sampling time and also used as the role of GI to avoid the inter-symbol interference (ISI). The leakage of power spectrum density (PSD) for the TS-OFDM signal would occur due to the repetition of the same data pattern of TS signal over one frame and also due to the discontinuities at both ends of TS signal in the time domain. To reduce the leakage of PSD due to the repetition of the same data pattern of TS signal, this paper employs a different data pattern of TS signal for each data symbol over one frame as shown in Fig. 2a . The different data patterns of TS signals over one frame are generated by using some part of time domain OFDM signal of which occupied bandwidth even when employing some part of OFDM signal is basically the same as that using the time domain OFDM signal. The different data patterns of TS signals which can achieve higher CIR estimation accuracy in the multipath fading channels are selected by using the computer simulation results. In the computer simulations, the TS data patterns having higher CIR estimation accuracy are selected by changing the randomly generated data patterns of OFDM symbols which are independent from the data pattern of transmission information data symbols. It should be noted that the selected data patterns of TS signals can achieve higher CIR estimation accuracy even when these TS signals are added at the start of random information data symbols. In the implementation of practical systems, all system parameters including the number of data symbols in one frame are known in advance. From this fact, it is possible to prepare the required number of TS data patterns in advance which can achieve higher CIR estimation accuracy by using the computer simulation results.
As for the discontinuities at the both ends of TS signal in the time domain, this paper employs the time domain triangular window function for the TS signal as the waveform shaping. The window function is commonly used in the digital processing to reduce the leakage of PSD. The triangular window function is one of window functions such as the Hamming, Hann (raised cosine) and Blackman windows. It is well known that these window functions can improve the leakage of PSD by shaping the time domain signal by taking zero at both ends of signal of which various window functions are discussed theoretically in [18] . In this paper, we employ the triangular window function for the TS signal because of its simpler waveform. By using the proposed TS signals having the different data patterns over one frame in conjunction with the time domain triangular window function, the leakage of PSD could be suppressed relatively.
In this paper, the data pattern for the proposed TS1 and TS2 signals at the mth symbol employs the same pattern which is represented by c(m, s). Furthermore, the TS1 and TS2 signals at the mth data symbol are multiplied by the time domain triangular window function of W (s) to suppress the leakage of PSD as shown in Fig. 1 . The time domain triangular window function W (s) with the length of 2S samples is given by
The proposed TS1 and TS2 signals at the mth data symbol after multiplying W (s) can be expressed by
where C(m, s) with the length of 2S samples is the sequential data pattern of TS1 and TS2 from 0 to 2S − 1 in the time domain. Then, C(m, s) is inserted at the start of every OFDM data symbol which is represented by
where x T (m, n 1 ) is the transmission data signal including the TS signal at the n 1 th sample of mth symbol with the length of N + 2S samples. Assuming that the synchronization of symbol timing at the receiver is perfect, the received time domain OFDM signal y(m, n 2 ) at the n 2 th sampling time of mth symbol after passing through the multipath fading channels as shown in Fig. 2b can be expressed by
where h l (m, n 2 ) is the CIR at the n 2 th time sample of mth data symbol for the lth delay path occurred in the actual time-varying fading channels, z(m, n 2 ) is the additive white Gaussian noise (AWGN) with the variance of σ 2 , and L is the number of delay paths. As shown in Figs. 1 and 2b, the received signal y(m, n 2 ) can be divided into two parts which consist of the observation period for the CIR estimation y E (m, n 2 ) with the length of S samples and for the data demodulation period y R (m, n 2 ) with the length of P = N + S − 1 samples, respectively.
Proposed CIR estimation method at every sampling time
The received time domain TS2 signal y E (m, n 2 ) which is used in the estimation of CIR at every symbol can be expressed by
where d 2 (m, n 2 ) is the TS2 signal with the triangular window function given in (3). Here, it should be noted that the CIR is assumed to be constant during the short time period of TS1 and TS2 even in higher time-varying fading channels. Assumingĥ l (m) is the unknown parameter for the CIR at the mth symbol, the expected received time domain TS2 signalŷ E (m, n 2 ) can be given bŷ
Here it should be noted that d 2 (m, n 2 ) given in (3) is known at the receiver and the number of delay paths to be estimated is assumed by S of which length is taken by longer than the number of delay paths L because the actual number of delay paths L is unknown at the receiver. The unknown parameter of CIRĥ l (m) at the mth symbol can be estimated by solving the following maximum likelihood (ML) equation under the constraint for minimizing the difference between the actual received TS signal y E (m, n 2 ) in (6) and the expected received TS signalŷ E (m, n 2 ) in (7) [19] .
By using a simple solution of (8) when assuming y E (m, n 2 ) =ŷ E (m, n 2 ), the ML equation in (8) can be represented by the following simultaneous equations.
The unknown parameter of CIRĥ l (m) at the mth symbol can be solved by the following matrix calculation of using the inverse matrix of
where (3) are known at the receiver, the inverse matrix in (10) can be calculated in advance for all different data patterns of TS signals inserted over one frame which enables the considerable reduction of computation complexity in the estimation of CIR at every symbol.
By using the estimatedĥ l (m) at every symbol, the CIR at every sampling timeĥ l (m, n 2 ) can be estimated by using the cubic spline interpolation method over one frame. The PSD at the output of transmitter and CIR estimation accuracy at every sampling timeĥ l (m, n 2 ) for the proposed TS-OFDM signal is evaluated in Section 4.
Proposed time domain equalization method
Considering the observation period for the data demodulation y R (m, n 2 ) as shown in Fig. 2b , the received time domain data signal can be given by
where x T (m, n 2 ) is the transmitted time domain signal given in (4) and h l (m, n 2 ) is the time domain CIR at every sampling time in the actual time-varying fading channels. From Fig. 2b , it can be observed that the received signal in (11) includes the ISI from d 2 (m, s) (TS2 of current symbol) and d 1 (m + 1, s) (TS1 of next symbol). By using the estimated CIRĥ l (m, n 2 ) at every sampling time and the known data pattern of TS1 and TS2 with the time domain triangular window function given in (3), the ISI from the time domain TS at the both ends of data symbol can be removed by using the following equation.
In the derivation of (12), the following relationships are used.
where y D (m, n 2 ) in (12) is the received time domain signal after removing the ISI from the TS. The received time domain signal y D (m, n 2 ) over the observation period with P (= N + S − 1) samples which includes the time domain data symbol and TS1 after removing the ISI can be used in the proposed TDE. By using the observation period of P samples including the TS signal, the proposed TDE method can achieve the frequency diversity gain at the fading deep dips [13] which could achieve better BER performance than the conventional FDE methods with the observation period of N samples both under the quasi-static and higher mobile environments [17] .
When the transmitted time domain data signalx(m, n) is assumed as the unknown parameters, the expected received signalŷ D (m, n 2 ) without the ISI which corresponds to the actual received signal in (12) can be expressed bŷ
The unknown parameter of time domain data signalx(m, n) which corresponds to the transmitted time domain data given in (1) can be estimated by solving the following ML equation under the constraint for minimizing the difference between the actual received signal y D (m, n 2 ) in (12) and the expected received signal
The ML equation in (16) can be transformed to the simultaneous equations by taking the partial differentiation for the unknown parametersx * (m, n 3 ), (0 ≤ n 3 ≤ N − 1) which can be expressed by
where (·) * represents the conjugate complex. By using (17), the ML equation in (16) 
where [b(m, n 3 )] and [A m (n 3 , n)] are the received time domain signal and the CIR matrix both after the partial differentiation, respectively, which are given by
where (·) H is the Hermitian transposition. In the deviation of (19) and (20), the following relationships are used.
From (18), the unknown parameters [x(m, n)] can be solved by using the inverse matrix of [A m (n 3 , n)] which can be given by
From (23), the proposed TDE method is required for the inverse matrix calculation which leads relatively higher computation complexity with the order of O[N 3 ]. To solve this problem, this paper proposes a low-complexity TDE method by using the good property of time domain CIR matrix [A m (n 3 , n)] given after the partial differentiation. From (20), the CIR matrix [A m (n 3 , n)] can be represented by 
In (24), A m (i, j) in (20) is represented by A i,j and the index of the mth symbol is omitted for brevity. From (24), it can be seen that the matrix is the banded matrix with the upper and lower bandwidth (Q 1 ) of length (S − 1) whose non-zero entries are confined to a diagonal bands. Also the lower band matrix with the index of (j, i) below the diagonal terms is the Hermitian transpose of upper band matrix with index of (i, j). From these features, the CIR matrix [A m (n 3 , n)] after the partial differentiation becomes the symmetric banded matrix with the block size of (S × S). From this fact, it is possible to employ the lowcomplexity parallel block inverse matrix algorithm [15] for solving (23). This feature of time domain CIR matrix for the proposed TDE method is completely different from the frequency domain CFR matrix for the conventional FDE methods of which CFR matrix is the full elements of matrix [3, [7] [8] [9] [10] [11] [12] 14] . Here it should be noted that although the CFR matrix of the conventional MMSE-FDE method for the CP-OFDM signal is not the banded matrix, it is possible to employ the parallel block inverse matrix algorithm by assuming that the elements in the CFR matrix both at the lower and upper sides of diagonal bands are small enough [10] . However, this assumption would be no more effective in higher time-varying fading channels because the elements both at the lower and upper sides of diagonal bands in the CFR matrix are unable to be approximated as the negligible quantity. This means that the conventional MMSE-FDE method with the parallel block inverse matrix algorithm in [10] can achieve the reduction of computation complexity at the cost of considerable BER degradation in higher time-varying fading channels.
In [15] , the parallel block inverse matrix algorithm is proposed for the symmetric banded matrix which can calculate the inverse matrix as the same accuracy as that for the direct inverse matrix calculation with much lower computation complexity. The key idea of this algorithm is to construct the small hierarchy of Schur complement blocks and then extracting the inverse matrix of diagonal hierarchy of Schur complement blocks. In (24), the size of small hierarchy of Schur complement blocks is equal to the length of TS (= S). By using this algorithm, the inverse matrix of (24) can be calculated perfectly with the same accuracy as that for the direct inverse matrix calculation. The order of computation complexity required in the calculation of inverse matrix for the banded matrix 
Evaluation of computation complexity
This section evaluates the computation complexity for the proposed TDE method. Table 1 shows the order of complexities for the proposed TDE method when using the direct inverse matrix calculation and the low-complexity parallel block inverse matrix algorithm. In the table, the conventional MMSE-FDE method for the CP-OFDM [9, 10] , the OLA-MMSE-FDE method for the TS-OFDM, and the FAST-MMSE-FDE method for the TS-OFDM [14] are also shown for the purpose of comparisons with the proposed TDE method.
In the proposed TDE method for the TS-OFDM with the parallel block inverse matrix algorithm, the removal of ISI incurred both ends of data symbol from the TS given in (12) Finally, the frequency domain equalization for obtaining the frequency domain data information requires the complexity O N 2 .
In the conventional OLA-MMSE-FDE and FAST-MMSE-FDE methods for the TS-OFDM signals, the Maclaurin's expansion algorithm is employed for the approximation of inverse matrix calculation [14] , respectively, in this paper. By using Table 1 , the comparisons of overall computation complexities between the conventional FDE and proposed TDE methods when assuming the actual parameters are evaluated in Section 4. 
Equalization methods with complexity reduction algorithms
Performance evaluations
In this section, various computer simulation results are presented for the proposed TDE method as comparing with various conventional FDE methods both for the CP-OFDM and TS-OFDM signals. The simulation parameters to be used in the following evaluations are listed in Table 2 . In the conventional MMSE-FDE with the parallel block inverse matrix algorithm for the CP-OFDM signal, the CFR matrix is approximated by the banded matrix with the lower and upper bandwidth of Q 1 = 2 as used in [10] and Q 1 = 15 which is the same bandwidth for the proposed TDE method with the symmetric banded matrix. In the conventional FDE with the OLA-MMSE-FDE and FAST-MMSE-FDE methods for the TS-OFDM signals, the order of Maclaurin's expansion in the calculation of inverse matrix is set to Q 2 = 1 as using in [14] . The Rayleigh multipath fading channel is assumed by Jake's Doppler spectrum model with an exponential power delay profile having the power decay constant −1 dB and the length of delay path L = 14. The length of TS both for the proposed and conventional TS-OFDM signals is taken by S = 16 so as to be longer than the length of delay path L = 14. In the following evaluations, the normalized Doppler frequency
is employed as the measure of mobile environments in which f dmax is the maximum Doppler frequency and f is the OFDM subcarrier spacing. Figure 3 shows the comparison of power spectrum density (PSD) at the output of transmitter for the conventional CP-OFDM, the TS-OFDM with the PN sequence, and the proposed TS-OFDM with the new design of TS signal when the modulation method for data subcarriers is QPSK and the oversampling ratio of OFDM transmission signal is taken by four times. From the figure, it can be seen that the PSD for the conventional TS-OFDM with the PN sequence has higher leakage of PSD at the outside of allocated OFDM frequency bandwidth. This is the reason that the same data pattern of PN sequence is used for all data symbols over one frame and the time domain PN sequence itself has wider frequency bandwidth as compared with that for the conventional CP-OFDM signal. While the PSD for the proposed TS-OFDM of using different patterns of TS signals with the triangular window function shows almost the same PSD as that for the conventional CP-OFDM signal. From the figure, it can be concluded that the proposed TS-OFDM with the new design of TS signal can be used in the CIR estimation with keeping lower leakage of PSD at the outside of allocated OFDM frequency bandwidth. Figure 4 shows the CIR estimation accuracy at every sampling time both for the conventional TS-OFDM with the PN sequence and the proposed TS-OFDM with the new design of TS signal when changing the normalized Doppler frequency (R D ) and C/N. The CIR estimation accuracy is evaluated by the normalized mean square error (NMSE). Here it should be noted that the estimated CIR at every sampling time is obtained by using the cubic interpolation method for the estimated CIR at every symbol. From the figure, it can be observed that the accuracy of estimated CIR at every sampling time for the proposed (19) and (20) precisely with keeping lower leakage of PSD at the outside of OFDM allocated bandwidth even in higher time-varying fading channels. Figure 5 shows the BER performances of the proposed TDE method for the TS-OFDM signal with the parallel block inverse matrix algorithm when changing the normalized Doppler frequency (R D ). The modulation method is QPSK and the C/N is 35 dB. In the figure, the conventional MMSE-FDE for CP-OFDM of using the approximated banded matrix with the lower and upper bandwidth of Q 1 = 2 and Q 1 = 15 [10] , and the OLA-MMSE-FDE and FAST-MMSE-FDE methods for TS-OFDM with the Maclaurin's expansion order of Q 2 = 1 [14] are also shown as the purpose of comparisons with the proposed TDE method. In the conventional MMSE-FDE for the CP-OFDM signal, the scattered pilot subcarriers in the frequency domain are usually employed in the estimation of CFR matrix. However, the estimation accuracy of CFR matrix by using the scattered pilot subcarriers would be degraded due to the occurrence of ICI for the received pilot subcarriers in higher time-varying fading channels [12] . From this fact, this paper assumes that the CIR estimated by the proposed TS-OFDM signal is employed in the construction of CFR matrix even for the conventional MMSE-FDE method for the CP-OFDM signal so as to compare the BER performance with the proposed TDE method fairly under the assumption of same channel estimation accuracy. From the figure, it can be observed that the proposed TDE method for the TS-OFDM signal with the parallel block inverse matrix algorithm shows much better BER performance than the conventional OLA-MMSE-FDE and FAST-MMSE-FDE methods with the Maclaurin's expansion method [14] , and MMSE-FDE method [10] even when the banded matrix is approximated by Q 1 = 15. These are the reasons that the channel frequency matrix for the conventional MMSE-FDE method is generated by using the approximated banded matrix and for the OLA-MMSE and FAST-MMSE methods are generated assuming the linear approximation of CIR in the time-varying fading channels. These approximation and assumption would lead to the inevitable error in the calculation of inverse matrix especially in higher time-varying fading channels. Here it should be noted that the BER performance of proposed TDE method with the parallel block inverse matrix algorithm shows the same BER performance as that for using the direct inverse matrix calculation as explained in the sub-section 2.3 of Section 2. Figures 6 and 7 show the BER performances versus C/N for the proposed TDE method with the parallel block inverse matrix algorithm when the modulation method is QPSK and the normalized Doppler frequencies are R D = 3 and 10% which correspond to lower and higher mobile environments, respectively. Here the normalized Doppler frequencies R D = 3 and 10% correspond to the vehicle speeds at 100 and 340 km/h, respectively. In the figures, the BER performances of conventional lowcomplexity MMSE-FDE method for CP-OFDM of using the approximated banded matrix with the bandwidth of Q 1 = 2 and Q 1 = 15 [10] , and the OLA-MMSE-FDE and FAST-MMSE-FDE methods for TS-OFDM with the Maclaurin's expansion order of Q 2 = 1 [14] are also shown as the purpose of comparisons with the proposed TDE method. From Figs. 6 and 7, it can be observed that the proposed method shows much better BER performance than the conventional methods under both lower and higher mobile environments. However, the conventional methods show better BER performance only under lower mobile environments because of employing the approximation in the construction of CFR matrix so as to reduce the computation complexity. The proposed TDE method also shows better BER performance than the conventional MMSE-FDE method even when the banded matrix is approximated by Q 1 = 15 which corresponds to the same computation complexity as the proposed TDE method. Figure 8 shows the BER performances versus C/N for the proposed TDE method when the modulation method is 16QAM and the normalized Doppler frequency R D is 6% which correspond to the vehicle speed at 200 km/h. From the figure, it can be concluded that the proposed TDE method with the low-complexity parallel block inverse matrix algorithm can achieve much better BER performance than the conventional FDE methods of using the complexity reduction methods even when employing higher efficient modulation method of 16QAM. Figure 9 shows the overall computation complexities for the conventional FDE methods and proposed TDE method when changing the number of FFT/IFFT points (N). The overall computation complexities include the processing loads for the removing of ISI from the TS, construction of channel matrix, calculation of inverse matrix, and equalizations in the frequency and time domains as shown in Table 1 . In the complexity evaluations, the lower and upper bandwidth employed in the approximation of banded CFR matrix for the conventional MMSE-FDE are evaluated by Q 1 = 2 as using in [10] and Q 1 = 15 which corresponds to the same bandwidth as that for the proposed TDE with the parallel block inverse matrix algorithm. From the figure, it can be observed that the overall complexities for all methods of using the direct inverse matrix calculation are much higher than that for using the complexity reduction methods especially as increasing N. When N is 128, the order of complexity for the conventional MMSE-FDE with the parallel block inverse matrix algorithm with Q 1 = 15 and the FAST-MMSE-FDE of using the Maclaurin's expansion method with Q 2 = 1 [14] are almost the same complexity as that for the proposed TDE method. However, the order of complexity for the conventional MMSE-FDE with Q 1 = 2 and the OLA-MMSE-FDE with Q 2 = 1 are lower than the proposed TDE with the parallel block inverse matrix algorithm. However, these computation complexity reductions for the conventional methods can achieve at the cost of considerable degradation of BER performances as shown in Figs. 5, 6, 7 and 8.
From these results, it can be concluded that the proposed TDE method with the parallel block inverse matrix algorithm can achieve much better BER performance than the conventional FDE methods of using the complexity reduction methods with the allowable increase of computation complexity.
Conclusions
This paper proposed the time domain equalization (TDE) method for the TS-OFDM signal in higher time-varying fading channels. The salient features of the proposed method are to employ the new design of TS signal in the estimation of CIR at every sampling time and the time domain equalization method of using the parallel block inverse matrix algorithm. To demonstrate the effectiveness of the proposed TDE method, this paper conducted various computer simulations. From the simulation results, this paper confirmed that the proposed TS signal can achieve lower leakage of power spectrum density at the outside of allocated OFDM frequency bandwidth with keeping higher CIR estimation accuracy. This paper also concluded that the proposed TDE method with the parallel block inverse matrix algorithm can achieve much better BER performance than the conventional FDE methods of using the complexity reduction methods with allowable increase of computation complexity in higher time-varying fading channels.
